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Abstract  
 Perfect indenter geometry is quite difficult to manufacture, especially in the nano and 
macro scales. Indentation curves obtained with imperfect indenter geometry can show strong 
differences with those obtained with assumed perfect indenter geometry, thereby leading to 
erroneous data exploitation results. 
This numerical study brings out the effect of imperfect spherical indenter geometry on 
indentation load-penetration depth curves, and on the mechanical properties identified by a 
reverse analysis model based on ideal spherical geometry. It is shown that a method to take 
account of geometrical imperfections is essential. Two correction methods based on 
geometrical and physical considerations are assessed, as well as the relevance of the use of the 
penetration data or the contact data. A method based on the equality of mean contact 
pressures and indenter volumes under the contact surface is found to be most relevant, as 
confirmed by the quality results obtained after application of a reverse analysis model. 
The proposed method is of particular interest in the case of the use of an imperfect 
indenter whose profile is accurately known. 
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1. Introduction 
 
 The instrumented indentation test allows for an evaluation of mechanical properties of 
materials at macro, micro, and nano scales. The major assets of this test are its easy 
application at small scales and its quasi non destructive aspect. The indentation data, or 
indentation curve, is obtained by continuously measuring the applied load F and penetration 
depth h of a stiff indenter of known geometry normally to the surface of the tested sample. 
Fig. 1 shows the geometric values of interest during the indentation by an indenter of arbitrary 
axisymmetric shape, in the case of the creation of either pile-up (Fig. 1(a)) or sink-in (Fig. 
1(b)) at the surface of the sample. These values are referred to as the penetration depth h, the 
contact depth hc, the surface contact radius a, and the contact radius ac. 
 
 
(a)      (b) 
 
Fig. 1. Geometric values of interest in the cases of (a) pile-up and (b) sink-in 
 
Early data analysis methods [1-3] were aimed at evaluating elastic modulus and 
hardness without the observation of a residual imprint which is required by standard hardness 
tests. These methods are described by the international standards on instrumented indentation 
[4-7]. Methods were also proposed to evaluate flow properties of materials [8-21]. These 
methods, for which no standards are available, are either based on a representative stress-
strain approach and require the evaluation or measurement of the contact radius ac at discrete 
points [8, 9], or on reverse analysis models which only require the F-h data [10-21].  
 
Most data analysis methods are based on ideal indenter geometry. However, perfect 
geometry is quite difficult to achieve at low scales, therefore inducing major errors when 
analysing instrumented indentation data. 
In the case of sharp indenters, which are widely used for the evaluation of elastic 
modulus and hardness due to their geometrical self-similarity, Oliver and Pharr [1] suggested 
a since widely-used area function to take account of indenter bluntness in the case of a 
Berkovitch 3-sided pyramid, expressed by Eq. (1). 
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with Ac the contact area, 24.5 the proportionality factor between Ac and the square of hc in the 
case of an ideal Berkovitch indenter and Ci the additional factors which represent the 
bluntness of the indenter tip. 
 In the case of spherical indenters, which are very convenient for the evaluation of flow 
properties because they induce penetration depth-dependent stress-strain fields, the analysis of 
the indentation data is subject to a length scale, i.e. the indenter radius, and the data analysis 
methods do not rely on an area function. Research studies [22-24] on the calibration of the 
geometrical imperfections of spherical indenters used the profiling of the residual imprint by 
Atomic Force Microscopy to define an effective indenter radius Reff as expressed by Eq. (2). 
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The use of this effective radius significantly improved the results obtained by a 
representative stress-strain based method [23, 24]. In the case of a reverse analysis model, 
Collin et al. [17, 18, 25] proposed an equivalent radius Req to correct the indentation curve 
obtained with a non spherical indenter. However, this relation was obtained by fitting of 
numerical data and is only relevant for a particular indenter.  
The present work aims at an increased understanding of which geometrical and 
physical quantities allow for the transformation of an indentation curve obtained with an 
imperfect spherical indenter into an indentation curve which would be obtained with an ideal 
spherical indenter. The main objective of this transformation is to allow the application of 
reverse analysis models based on ideal spherical geometry to indentation data obtained with 
imperfect indenter geometry. In section 2, the effect of imperfect indenter geometry on 
numerical indentation curves obtained on twelve materials is brought out. In section 3, two 
geometrical correction methods are assessed as well as the relevance of the use of the 
penetration data or the contact data. In section 4, a reverse analysis model based on ideal 
spherical geometry is applied to ideal, initial, and corrected data to confirm the relevance of 
the proposed correction method. 
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2. Numerical highlight of the effect of indenter geometry on the indentation curve 
 
The geometry of an actual axisymmetric rounded tip carved in bulk tungsten carbide 
of nominal radius 0.25 mm is used. This indenter was used in some of the authors’ previous 
work [26]. The profile of this indenter was measured by Scanning Electronic Microscopy 
(SEM). Furthermore, in order to assess its smoothness, the profile was fitted by a sum of three 
power law functions as expressed by Eq. (3). 
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The measured profile is compared to the fitted profile and to a spherical profile of 
radius R’=0.25 mm in Fig. 2(a), and the difference between the fitted profile and the 
measured profile is shown in Fig. 2(b). 
 
(a)       (b) 
Fig. 2. (a) Measured indenter profile (Scanning Electronic Microscopy) and (b) difference 
between the fitted and the measured profile 
 
 The overall profile of the indenter is very different from a spherical profile of radius 
R’=0.25 mm, as can be observed in Fig. 2(a). Furthermore, the profile shows irregularities 
which are shown by squares in Fig. 2(b) and reported in Fig. 2(a). The effect of these 
irregularities will be brought out in the rest of this paper. 
 In order to bring out the effect of indenter geometry on the indentation curve, 
indentation simulations are carried out with the ABAQUS/Standard commercial finite 
element method code, in axisymmetric mode. Simulations are carried out for both the 
spherical and the measured non spherical profiles. The mesh composing the indented material 
sample is made of 10.000 axisymmetric four-node fully integrated elements. The size of the 
sample and the element density distribution are set in order to obtain a compromise between 
accuracy in the contact and plastic zones, and computing time, as shown in Fig. 3. The lower 
nodes of the sample are fixed vertically. In section 4, the reverse analysis model proposed by 
Ogasawara et al. [20] is used, therefore the same conditions are used, i.e. the indenter is 
supposed rigid, and the maximal vertical displacement of the indenter, or penetration depth, is 
hmax=75 µm, i.e. hmax/R=0.3, for the spherical indenter and, arbitrarily, hmax=100 µm for the 
non spherical indenter. Moreover, the Coulomb’s friction coefficient is set to 0.15.  
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Fig. 3. Mesh used for the FEM simulations of indentation (case of the spherical profile) 
 
The indented material obeys isotropic linear elastic behaviour with a Young modulus 
E=210 GPa and a Poisson ratio  =0.3. The plastic yielding is predicted by the Von Mises 
yield criterion, the plastic behaviour is isotropic, and the isotropic hardening is described by 
the Hollomon power law, expressed by Eq. (4). 
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where ! is the true stress, " the true strain, !y the yield stress and n the hardening coefficient. 
The twelve !y and n value sets are chosen in order to cover a large range of materials, as 
shown in Fig. 4. 
 
Fig. 4. Material parameter values used for the FEM simulations  
 
The indentation curves obtained for each material with the spherical indenter of radius 
R’=0.25 mm and the non spherical indenter are compared in Fig. 5. 
 
 
Fig. 5. Numerical indentation curves obtained with the spherical indenter and the non 
spherical indenter 
  
The indentation curves obtained with the non spherical indenter are very different 
from those obtained with the spherical indenter. There is an obvious need for a correction of 
the curves obtained with the non spherical indenter in order to use reverse analysis models 
developed for spherical indenters. In section 3, correction methods based on geometrical and 
physical considerations are proposed and assessed. 
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3. Correction of the indentation curves obtained with an imperfect spherical indenter 
  
 3.1. Definition of the correction methods 
 
In order to correct the indentation curves obtained with an imperfect spherical 
indenter, two methods (A and B) are assessed. Both methods are based on the calculation of 
an instantaneous equivalent sphere radius which is used to correct the indentation data. The 
used geometric values can be the either the contact data (subscript c) or the penetration data 
(no subscript). As shown in Fig. 6, both methods provide the instantaneous equivalent sphere 
radius at equal radii ac or a for the non spherical indenter and the equivalent sphere. The two 
methods differ by the second used geometric value. Method A considers the equality of depths 
hc or h to calculate the instantaneous sphere radius RA whereas Method B considers the 
equality of volumes Vc or V to calculate the instantaneous sphere radius RB. 
 
       
 
Fig. 6. Principles of methods A and B with the use of either the contact data or the penetration 
data 
 
In the case of the use of the contact data, the equivalent sphere radius RA is calculated 
from Eq. (5), which is the same as Eq. (2) used in [22-24]. 
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The volume under the contact radius ac of a sphere of radius RB is obtained from Eq. 
(6). 
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The analytical inversion of Eq. (6) leads to to the expression of the equivalent sphere 
radius RB in Eq. (7). 
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 In the case of the use of the penetration data, the same equations are used, after 
removing the subscript c. 
The radii ac and a are obtained from the discrete definition of the non spherical 
indenter profile and the volumes Vc and V are obtained from the three-dimensional numerical 
integration of the profile. The equivalent sphere radii for both methods are plotted versus ac or 
a and compared to the reference sphere radius R’=0.25 mm in Fig. 7. 
 
Fig. 7. Equivalent sphere radii corresponding to methods A and B  
 
 For a or ac values under about 50 µm, RA shows higher values than RB. For a or ac 
values higher than about 50 µm, RB shows higher values than RA. Moreover, the effect of the 
irregularities of the profile on the equivalent radii is obvious and more pronounced for RB, as 
shown by squares in Fig. 7. 
 
 
The availability of an instantaneous equivalent sphere radius allows for an 
instantaneous dimensionless transformation of the indentation curve. For that purpose, the 
physical quantity which is considered equal for the spherical and the non spherical indenter is 
the mean contact pressure, as expressed by Eq. (8) in the case of the use of the contact data. 
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where F’ and a’c are the transformed load and contact radius corresponding to the indentation 
by an ideal spherical indenter of radius R’. In order to fulfil this condition, the load and 
contact radius are respectively transformed as expressed by Eq. (9) and Eq. (10). 
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The transformed contact depth h’c is obtained from the transformed contact radius 
radius ac from the geometrical relationship applicable to a sphere of radius R’ as expressed by 
Eq. (11). 
 
22'' cc aRRh ′−−=′       (11) 
 
In the case of the use of the penetration data, the same equations are used, after 
removing the subscript c. 
 
 
 
3.2. Use of the penetration data 
 
 The contact depth hc, and consequently the contact radius ac and the indenter volume 
Vc under the contact surface, cannot be deduced from the monotonous F-h curve used by 
reverse analysis models. Indeed, this information would require either the analysis of 
unloading curves, or the observation of residual imprints [8, 9, 25]. However, the surface 
contact radius a and the indenter volume V under the initial sample surface can be directly 
deduced from the known penetration depth h and the profile of the indenter. Therefore, in a 
first approach, the penetration data, i.e. h, a and V, is used. Fig. 8 shows the results of 
corrections A and B using the penetration data. 
 
 
Fig. 8. Corrections A and B using the penetration data 
 
 The result of the corrections is mostly dependant on the hardening coefficient n. The 
effect of the irregularities of the non spherical indenter profile is mostly observable for n=0.0, 
i.e. apparition of strong pile-up, as brought out by squares. Method A produces poorer results 
as the n value increases, whereas method B produces good results with the increase of the n 
value, i.e. in the case of moderate pile-up, no pile-up or sink-in, or sink-in.  
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3.3. Use of the contact data 
 
 Although method B seems to provide adequate results in Fig. 8, the dependence on the 
n value, i.e. the apparition of pile-up or sink-in, suggests that the contact data could be more 
appropriate for an optimal correction of the indentation curves. Experimentally, the 
knowledge of the contact data requires more information than the monotonous F-h curve 
only, i.e. the analysis of unloading curves or the observation of residual imprints. However, in 
the context of this numerical investigation, the contact data can be obtained from the finite 
element method code. Fig. 9 shows the hc/h ratio versus h for the twelve studied materials, 
obtained with the spherical indenter and the non spherical indenter. 
 
Fig. 9. Contact depth ratio versus penetration depth 
 
 The apparition of pile-up (hc/h>1) or sink-in (hc/h<1) is strongly dependant on the n 
value, and, to a lesser extent, on the E/!y value [27]. The hc/h ratio obtained with the spherical 
indenter and the non spherical indenter, although quite close, shows noticeable differences. 
Overall, the non spherical indenter produces a higher hc/h ratio for low n values and a lower 
hc/h ratio for high n values. 
 
 The availability of the contact data for both indenters allows for its use in Eq. (5), (7), 
(9), (10) and (11). For a given penetration depth of the non spherical indenter, the 
corresponding contact data is used for the transformation. After transformation, the 
penetration depth of the spherical indenter corresponding to the transformed contact depth is 
used for the transformed F’-h’ curve. Fig. 10 shows the results of corrections A and B using 
the contact data. 
 
 
Fig. 10. Corrections A and B using the contact data 
 
The result of the corrections is mostly dependant on the hardening coefficient n. 
However, the irregularities of the non spherical indenter profile show no effect on the 
corrected indentation curves. Method A produces poorer results as the n value increases, as in 
the case of the use of the penetration data. However, method B produces quality results for all 
materials, i.e. independently of the n and !y values. 
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 These results show that a relevant method to correct the effect of imperfect spherical 
indenter geometry on the F-h curve is to consider the equality of mean contact pressures 
obtained with an ideal spherical indenter of radius R’ and a spherical indenter whose 
instantaneous equivalent radius RBc is obtained from the simultaneous equality of contact radii 
ac and indenter volumes Vc under the contact surface.  
 
 In section 4, a reverse analysis model based on ideal spherical geometry is applied to 
ideal, initial, and corrected data to confirm the relevance of the proposed correction method. 
 
4. Application of a reverse analysis model 
 
 In order to assess the relevance of the proposed correction method, the reverse analysis 
model proposed by Ogasawara et al. [20] is used. This model is chosen because the 
simulations were carried out using the same conditions and because the validity of its 
efficiency and implementation was shown in some of the authors’ previous work [26]. The 
model is applied to MAT 1 (!y=200 MPa, n=0.0), MAT 3 (!y=200 MPa, n=0.2), MAT 6 
(!y=600 MPa, n=0.1) and MAT 9 (!y=1000 MPa, n=0.0), which are representative of 
mechanical properties commonly observed for engineering metals. Table 1 shows the 
identification results obtained after application of the reverse analysis model on numerical 
curves obtained with (a) the spherical indenter, (b) the non spherical indenter assuming a 
radius R=0.25 mm, (c) the non spherical indenter after correction B using the penetration data, 
and (d) the non spherical indenter after correction B using the contact data. 
 
  
(a)      (b) 
 
  
(c)      (d) 
 
Table 1. Identification results from curves obtained with (a) the spherical indenter, (b) the 
non spherical indenter assuming a radius R=0.25 mm, (c) the non spherical indenter after 
correction B using the penetration data, and (d) the non spherical indenter after correction B 
using the contact data. 
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 As was shown in some of the authors’ previous work [26], the identification results 
obtained from indentation curves calculated in ideal conditions, i.e. using a spherical indenter, 
are very close to the input values. However, as can be expected, using the indentation curves 
obtained with the non spherical indenter and assuming a radius R=0.25 mm leads to strongly 
inaccurate identification results. The use of correction B with the penetration data 
significantly reduces the identification errors, and the use of correction B with the contact data 
provides identification results of the same quality than those obtained in ideal conditions. Fig. 
11 shows the corresponding stress-strain curves, which provide a good illustration of the 
trends described above. 
 
(a)       (b) 
 
(c)       (d) 
 
Fig. 11. Identified stress-strain curves from curves obtained with (a) the spherical indenter, 
(b) the non spherical indenter assuming a radius R=0.25 mm, (c) the non spherical indenter 
after correction B using the penetration data, and (d) the non spherical indenter after 
correction B using the contact data. 
 
 The application of a reverse analysis model to the indentation curves calculated in this 
work confirms the relevance of the proposed correction method. 
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5. Conclusion 
 
In this paper, the effect of imperfect spherical indenter geometry on the indentation 
curve was numerically investigated, and correction methods were proposed to transform the 
indentation curve into one obtained with an ideal spherical indenter, in order to use reverse 
analysis models developed for spherical indenters. Results showed that a relevant method to 
correct the effect of imperfect spherical indenter geometry is to consider the equality of mean 
contact pressures obtained with an ideal spherical indenter and a spherical indenter whose 
instantaneous equivalent radius is obtained from the simultaneous equality of contact radii 
and indenter volumes under the contact surface. The application of a reverse analysis model 
on the indentation curves confirmed the necessity of a correction method and the efficiency of 
the proposed method. 
In conclusion, with the knowledge of the real indenter geometry and the contact 
radius, reverse analysis models based on ideal spherical indenter geometry can be efficiently 
applied on indentation curves obtained with an imperfect indenter using the proposed method. 
This is of particular interest in the case of low scale indenters for which perfect indenter 
geometry is difficult to achieve. In future work, the effect of indenter deformation and the 
determination of the contact radius will be investigated. 
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Highlights 
 
 
  The effect of imperfect spherical indenter geometry on indentation load-depth curves 
is brought out. 
 
  An efficient method to correct indentation curves is proposed. 
 
  A reverse analysis model is applied using the corrected curves, leading to an accurate 
identification of elastoplastic properties.  
 
